Abstract: Raf kinases and vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR) tyrosine kinases are potential molecular targets for obtaining both anti-tumor cell progression and anti-angiogenesis effects in cancers, including hepatocellular carcinoma (HCC). Sorafenib is an oral multi-kinase inhibitor that mainly targets Raf kinases and receptor tyrosine kinases associated with angiogenesis (VEGFR-2/-3, PDGFR-β). A global randomized controlled trial (RCT) of sorafenib versus placebo conducted in patients with advanced HCC demonstrated the benefi cial effects of the drug on the time-to-progression and overall survival. Furthermore, a RCT with a similar design to that of the global trial conducted in the Asia-Pacifi c region also demonstrated the effi cacy of the drug. The most common treatment-related adverse events of sorafenib were found to be diarrhea, fatigue, and skin toxicity, namely, hand-foot syndromes and rash. Based on the results of the RCTs, sorafenib has been established as a standard agent for systemic chemotherapy in HCC patients with metastatic disease or transcatheter arterial chemoembolization (TACE)-refractory disease who are not suitable candidates for local treatments. The effi cacy and safety of sorafenib in patients with moderate liver dysfunction have not been confi rmed to date and more data are needed. Development of new therapeutic methods is needed for the treatment of advanced HCC in the future; clinical trials of sorafenib-based combination therapy, second-line therapy after sorafenib failure, and adjuvant therapy after local treatments are warranted in HCC patients.
Introduction
Recently, some growth factors and various signal transduction pathways have been identifi ed, and various molecular-targeted agents have being tried for the treatment of various tumors, including hepatocellular carcinoma (HCC). These signal transduction pathways control the processes of cell proliferation and survival, and also specialized functions such as angiogenesis. Dysregulated signaling pathways contribute to malignant transformation in human cells. Sorafenib is a small-molecule multi-kinase inhibitor that inhibits kinases such as Raf kinase, vascular endothelial growth factor receptor (VEGFR), and platelet-derived growth factor receptor (PDGFR)-β tyrosine kinases (Wilhelm et al 2004) . It inhibits tumor-cell proliferation and angiogenesis and increases the rate of apoptosis in a wide range of tumor models (Gollob et al 2006; Liu et al 2006; Wilhelm et al 2006; Chang et al 2007) .
HCC is the fi fth most common malignancy worldwide, with approximately 500,000 new cases diagnosed each year (Parkin et al 2005) . Most patients with HCC have chronic liver disease, especially liver cirrhosis, which is mainly the result of hepatitis virus infection. However, there are clearly defi ned differences in the etiology of HCC among different geographic regions. Hepatitis B virus (HBV) infection is very common in East and South-East Asia and Africa; more than 80% HCC patients in these countries have HBV infection (McGlynn et al 2001) . On the other hand, hepatitis C virus (HCV) Furuse is more common in Japan, and HCV antibody is observed in 72% of HCC patients in Japan (Ikai et al 2005) . The incidence of HCV infection is also increasing in the US and Europe, as is the incidence of HCC (El-Serag and Mason 1999) . Various treatment modalities such as surgery, ablation, transcatheter arterial chemoembolization (TACE), and liver transplantation, are available as local therapeutic approaches for HCC. Despite the effi cacy of local therapies, patients frequently develop recurrence or disease progression after these treatments. These patients are then offered systemic treatment including chemotherapy. However, although response rates of 10% to 20% have been reported, the survival benefi t of chemotherapy has never been confi rmed, either for singleagent or combination chemotherapy, in these patients.
A phase III, double-blind, placebo-controlled trial of sorafenib showed survival benefi t in patients with advanced HCC in 2007 (Llovet et al 2008) . As a result, sorafenib has been established as a standard agent for systemic chemotherapy in patients of HCC. In this paper, the mechanism of action of sorafenib and clinical trials of sorafenib for the treatment of HCC are reviewed, and future directions for the use of this drug are discussed.
Mechanism of action of sorafenib
Many of the processes involved in tumor progression, such as cell proliferation, invasion, metastasis and inhibition of apoptosis, are mediated by signaling pathways triggered by activated receptor tyrosine kinases. Ras functions downstream of several receptor tyrosine kinases, and activation of Ras signaling pathways is an important mechanism underlying the development of human cancer. Ras regulates several pathways that synergistically induce cellular transformation, including the Raf/mitogen-activated protein kinase (MAPK) kinase (MEK)/extracellular signal-regulated kinase (ERK) cascade (Hackel et al 1999; Woodburn 1999; Wilhelm et al 2004) . The Raf kinases are serine/threonine protein kinases that function in this pathway as downstream effector molecules of Ras (El-Serag and Mason 1999; Wilhelm et al 2004; Llovet et al 2008) . The Raf kinase family is composed of three members, namely, A-Raf, B-Raf and Raf-1. Mutations of B-Raf have been identifi ed in various human tumors, such as malignant melanomas, colorectal cancer and thyroid papillary cancers (Davies et al 2002; Kimura et al 2003) . Previous studies have reported observing Raf-1 hyperactivation in 6 of 11 (55%) renal cell carcinoma (RCC) tumors and all of 30 HCC tumors (Oka et al 1995; Hwang et al 2004) . Solid tumors aberrantly secrete many different growth factors and cytokines, including VEGF and PDGF-β. The binding of these growth factors to receptors on the surface of endothelial cells activates the Raf/MEK/ERK pathways, which results in the induction of angiogenesis and lymphangiogenesis (Hood et al 2002) . Thus, the Ras/Raf signaling pathway is an important mediator of tumor cell proliferation and angiogenesis in various solid tumors including HCC. Raf kinases and the VEGFR and PDGFR tyrosine kinases are potential molecular treatment targets for obtaining both antitumor cell progression and antiangiogenesis effects.
In order to discover novel therapies targeting the Ras/Raf/ MEK/ERK pathway, screening for Raf-1 kinase inhibitory activity was initiated in 1995 by Bayer and Onyx (Figure 1 ) . The fi rst compound generated, 3-thienyl urea, demonstrated Raf1 IC 50 (half maximal inhibitory concentration) of 17 μmol, and fi nally sorafenib achieved IC 50 of 6 nmol (Table 1) (Wilhelm et al 2004; Wilhelm et al 2006) . The chemical name of sorafenib is N-(3-trifl uoromethyl-4-chlorophenyl)-N'-(4-(2-methylcarbamoyl pyridin-4-yl) oxyphenyl) urea, and the structural formula is shown in Figure 1 . Sorafenib was also shown to potently inhibit the wild-type-Raf, and oncogenic b-raf V600E serine/threonine kinase, pro-angiogenic receptor tyrosine kinases, c-kit, and Flt-3 in vitro (Table 1) .
The anti-tumor effi cacy and mechanism of action of sorafenib was investigated in vitro on PLC/PRF/5 and HepG2 HCC cells and in vivo on PLC/PRF/5 human tumor xenografts in severe combined immunodefi cient mice (Liu et al 2006) . Sorafenib inhibited the phosphorylation of MEK and ERK and down-regulated cyclin D1 levels in these two cell lines. Furthermore, sorafenib reduced the phosphorylation level of eIF4E and down-regulated the anti-apoptotic protein Mcl-1 in a MEK/ERK-independent manner. Sorafenib demonstrated dose-dependent tumor growth inhibition of implanted PLC/ PRF/5 tumor xenografts (Liu et al 2006) . The in vivo antitumor activity of sorafenib correlated with the inhibition of MAPK signaling, which is indicative of Raf kinase inhibition, and inhibition of tumor microvessel area as measured by the reduction in CD34 staining (Liu et al 2006) . These experiments showed that the anti-tumor activity of sorafenib was attributed to inhibition of tumor angiogenesis of VEGFR and PDGFR and direct effects on tumor cell proliferation/survival of Raf kinase signaling-dependent and signaling-independent mechanisms (Figure 2 ).
Systemic chemotherapy for hepatocellular carcinoma
Systemic chemotherapy is applied for patients with advanced HCC who are not suitable candidates for local treatments, eg, those with distant metastasis and/or macrovascular invasion (Bruix and Sherman 2005) . Refractoriness to TACE is also considered as an indication for systemic chemotherapy. Various studies on chemotherapy for HCC have indicated that anthracycline anti-tumor antibiotic agents, such as doxorubicin and mitoxantrone, constitute the basis for chemotherapy in cases of HCC (Lai et al 1988; Colleoni et al 1992) . Furthermore, cisplatin and/or fl uorouracil are the agents most commonly used in combination chemotherapy for HCC (Leung et al 1999; Boucher et al 2002; Patt et al 2003; Ikeda et al 2005) . The response rates to combination chemotherapies, including fl uorouracil/mitoxantrone/cisplatin (FMP), epirubicin/cisplatin/fl uorouracil (ECF) and cisplatin/interferon α-2b/doxorubicin/fl uorouracil (PIAF), have been reported to range from 14% to 26%, with the median overall survival (OS) ranging from 8.9 to 11.6 months. Doxorubicin has been considered as a referential arm in randomized clinical trials for HCC based on the results of a comparative trial between doxorubicin and supportive treatment (Lai et al 1988) . Despite phase III trials indicating better responses to combination chemotherapy than to doxorubicin monotherapy, no standard chemotherapy has yet been established that can clearly prolong the survival in advanced HCC patients; eg, a recent phase III trial of doxorubicin versus PIAF failed to show any survival benefi t of either drug (response rate: 10.5% for doxorubicin and 20.9% for PIAF, p = 0.058; median OS: 6.8 months for doxorubicin and 8.7 months for PIAF, p = 0.83) (Yeo et al 2005) . Thus, no standard regimen has been identifi ed by large prospective clinical trials conducted until 2007, which can clearly prolong the survival in patients with advanced HCC.
Rationale for use and clinical trials of sorafenib for hepatocellular carcinoma
Hepatocarcinogenesis is a multi-step process, slowly unfolding on a background of chronic liver disease, most Furuse often chronic hepatitis and cirrhosis. Recent insights into the biology of HCC suggest that certain signaling pathways such as the PI3K/Akt/mTOR, Ras/Raf/MEK/ERK and Wnt/β-catenin pathways mediated by EGFR and angiogenic signaling pathways mediated by VEGFR and PDGFR play important roles in the development of HCC by promoting cell growth and survival (Avila et al 2006) . Some studies have demonstrated the important roles played by MAPK/ ERK activation in the multi-step carcinogenetic process involved in human HCC, especially in the progression of HCC (Schmidt et al 1997; Ito et al 1998) . Overexpression of phosphorylated MEK1/2 and MAPK in HCC cell lines was found to enhance tumor growth and survival by preventing apoptosis (Huynh et al 2003) . HCC is highly related to HBV and HCV infection, and a relationship between expression of Raf and HCV/HBV infection has been demonstrated. Giambartolomei et al (2001) reported that the ability of HCV core proteins to directly activate the MAP kinase cascade, especially Raf-1, and to prolong its activity in response to mitogenic stimuli may contribute to the neoplastic transformation of HCV infected liver cells. Chen and Siddiqui (2007) reported that HBV X protein (HBx) plays a crucial role in the viral life cycle and contributes to the onset of HCC. HBx caused mitochondrial translocation of Raf-1 kinase either alone or in the context of whole-viral-genome transfections. HCC is generally hypervascular and contains rich tumor vascularity, and VEGF, which is related to angiogenesis, is one of the important factors involved in the angiogenesis in HCC (Miura et al 1997; Yamaguchi et al 1998) . Moreover, VEGF promotes HCC development and metastasis, and the serum VEGF level has been reported as a signifi cant independent prognostic factor in patients with HCC (Chao et al 2003; Poon et al 2004) . Thus, the Raf/MEK/ERK pathway and angiogenic-signaling pathways mediated by VEGFR and PDGFR are potent molecular targets in HCC therapy. Sorafenib is an oral multi-kinase inhibitor that mainly targets Raf kinases and receptor tyrosine kinases associated with angiogenesis (VEGFR-2/-3, PDGFR-β). In a phase I study of sorafenib conducted in 69 patients with solid malignant tumors, diarrhea was the most commonly encountered treatment-related adverse event and the doselimiting toxicities were diarrhea, fatigue, and skin toxicities, namely, hand-foot syndromes and rash (Strumberg et al 2005) . The maximum-tolerated dose was found to be 400 mg bid continuous and the recommended dose for future studies was also determined to be 400 mg bid continuous (Strumberg et al 2005) . In regard to the effi cacy, a partial response (PR) was observed in only one of 45 patients treated continuously with sorafenib at doses of Ն100 mg bid, who was a patient HCC treated with the drug at 400 mg bid continuous (Strumberg et al 2005) . In this phase I study, 6 HCC patients were assessable for effi cacy, of which one showed PR, 4 had stable disease (SD), and 1 showed progressive disease (PD) (Strumberg et al 2005) . Based on these preclinical results and the results of the phase I study of sorafenib, a phase II study was performed in 137 patients with advanced HCC (Abou-Alfa et al 2006). Although the response rate was low, that is, 2.2%, the time-to progression (TTP) and OS were promising; the median TTP was 4.2 months and the median OS was 9.2 months ( Table 2 ). The grade 3/4 drugrelated toxicities included fatigue (9.5%), diarrhea (8.0%), and hand -foot skin reactions (5.1%), all of which were manageable. In this phase II study, the relationship between the phosphorylated ERK levels in the tumor cells and the effi cacy was examined, and no signifi cant difference was found in the TTP between patients with higher staining intensity of phosphorylated ERK in the tumor cells and those with a lower staining intensity (Abou-Alfa et al 2006).
Based on these results, a large randomized controlled trial (RCT) of sorafenib versus placebo (the SHARP trial) was conducted in patients with advanced HCC (Llovet et al 2008) . Six hundred two patients were randomized into 2 arms, the sorafenib arm and the placebo arm (Table 3) . The TTP was 5.5 months for sorafenib and 2.8 months for placebo, and the hazard ratio in the sorafenib arm was 0.58 (95% CI: 0.45-0.74; p Ͻ 0.001). The median OS was 10.7 months for sorafenib and 7.9 months for placebo, and the hazard ratio for OS in the sorafenib arm was 0.69 (95% CI: 0.55-0.87; p Ͻ 0.001) (Llovet et al 2008) . This trial demonstrated a statistically signifi cant improvement not only in the status of disease progression, but also in the survival of the patients in the sorafenib arm. The most frequently encountered drug-related serious adverse events were hand-hoot skin reaction, diarrhea and weight loss (Table 4) . Thus, sorafenib is the first systemic chemotherapeutic agent to prolong survival in patients with advanced HCC.
Clinical concerns related to the use of sorafenib in hepatocellular carcinoma
In the SHARP trial, approximately 90% of the patients enrolled were from Europe or Australia (Table 3 ). The difference in the effi cacy and safety was a concern in relation to the application of sorafenib as a global standard therapeutic agent for advanced HCC, as the etiology and treatment strategies of HCC vary among regions in the world (Bruix et al 2001; Bruix and Sherman 2005; Ikai et al 2005; Kudo and Okanoue 2007) . Therefore, to confi rm the effi cacy and safety of the drug in Asian populations, a RCT of sorafenib was conducted in the Asia-Pacifi c region (the Asia-Pacifi c trial) (Cheng et al 2008) . The dose of sorafenib was the same as that in the SHARP trial, namely, 400 mg bid continuous, and patients were randomized 2:1 to sorafenib or placebo (Table 3 ). The most frequently reported drug-related serious adverse events were hand-hoot skin reactions, diarrhea, hyperbilirubinemia and fatigue, similar to those observed in the SHARP trial (Table 4 ). The median OS of the primary endpoint was 6.5 months for sorafenib and 4.2 months for placebo, and the hazard ratio for OS in the sorafenib arm was 0.67 (95% CI: 0.49-0.93; p = 0.0155) (Cheng et al 2008) . The TTP was 2.8 months in the sorafenib arm and 1.4 months in the placebo arm, and the hazard ratio in the sorafenib arm was 0.58 (95% CI: 0.42-0.80; p = 0.0007). The etiology of HCC in the Asia-Pacifi c trial was different from that in the SHARP trial; HBV infection was observed in more than 70% of the patients in Asia (Table 3) . However, the hazard ratios of OS and TTP were very similar to those in the SHARP trial, which indicated that effi cacy is expected regardless of the difference in the etiology. Despite the equivalent hazard ratio for OS and TTP in the two RCTs, median OS and TTP were very poor in the Asia-Pacifi c trial compared with those in the SHARP trial, phase II and Japanese phase I studies. There is another important issue of whether sorafenib can be used in patients with Child-Pugh class B disease, or moderate liver dysfunction, because patients enrolled in the SHARP trial were limited to those with good liver function classifi ed into Child-Pugh A. In Japan, a phase I study of sorafenib was conducted to investigate the pharmacokinetics, safety and effi cacy of the drug in Japanese patients with advanced HCC; there was an equal number of patients with Child-Pugh A and B disease (Furuse et al 2008) . The results revealed a safety profi le similar to that in the RCTs of sorafenib and the same recommended dose of 400 mg bid. The response rate was 3.7%, and the median TTP and OS were 4.9 months and 15.6 months, respectively (Table 2) (Furuse et al 2008) . In regard to the difference in the pharmacokinetics between patients with Child-Pugh A and B, although both areas under the concentration -time curve for 0 to 12 h and the maximal concentration at steady state were slightly lower in the Child -Pugh class B patients than in the Child-Pugh class A patients. There was no major difference in the incidence and grade of drug-related adverse events between the Child-Pugh class A and B groups, but hypertension, hand -foot skin reactions, and rash were more frequently observed in the Child-Pugh class B group than in the Child-Pugh class A group. In a phase I study of sorafenib for solid tumors and hematologic malignancies in patients with hepatic or renal dysfunction, it was observed that 9 out of 12 events in patients with liver dysfunction as the dose-limiting toxicity were increase in the serum bilirubin level (Miller et al 2007) .
Comparison of the efficacy and safety between Child-Pugh class A and B patients was also examined in a phase II study in HCC patients (Abou-Alfa et al 2008a). The pharmacokinetic and overall toxic profiles were similar in both groups. However, adverse events related to liver cirrhosis, such as bilirubin increase, ascites and encephalopathy, occurred more frequently in Child-Pugh class B than class A patients. Furthermore, the TTP and OS appeared to be worse in the Child-Pugh class B patients than in the Child-Pugh class A patients. The Child-Pugh class B group is generally heterogeneous with scores ranging from 7 to 9 (Pugh et al 1973) . The indications of sorafenib in Child-Pugh B patients should be carefully considered and more data are required to confi rm the safety and effi cacy of sorafenib in practice and in clinical trials in these patients in the future.
Conclusions and future directions of chemotherapy for HCC
In patients with advanced HCC, the survival benefi t of sorafenib has been demonstrated in a RCT for the fi rst time, and the drug has already been approved for the treatment of HCC. However, the efficacy remains moderate, and Figure 3 Survival benefi t was confi rmed in the SHARP trial; the median overall survival was 10.7 months in the sorafenib group as compared with 7.9 months in the placebo group (hazard ratio for death in the sorafenib group, 0.69; 95% CI: 0.55-0.87). Reproduced with permission from Llovet JM, Ricci S, Mazzaferro V, et al 2008. Sorafenib in advanced hepatocellular carcinoma. N Engl J Med, 359:378-90 . Copyright © Massachusetts Medical Society. All rights reserved.
other promising agents need to be developed for further prolonging the survival in HCC patients. Sunitinib, an oral, multitargeted tyrosine kinase inhibitor, has shown promising activity against HCC in phase II studies, with a median progression-free survival (PFS) of about 4 months and median OS of about 10 months (Faivre et al 2007; Zhu et al 2008) . Bevacizumab, a recombinant, humanized monoclonal antibody that targets VEGF, has been investigated in phase II studies of bevacizumab alone or the agent administered in combination with erlotinib (Thomas et al 2007; Siegel et al 2008) . The response rates in these studies were moderate, ranging from 10% to 20%. The median PFS achieved was very promising, ranging from 5.3 to 9.0 months, especially for the combination of bevacizumab and erlotinib. On the other hand, enhancement of the effi cacy of sorafenib by its use in combination regimens has also been investigated, eg, a randomized phase II study of sorafenib plus doxorubicin showed encouraging outcomes in terms of the TTP and OS, with a median TTP of 8.5 months and median OS of 14.0 months (Abou-Alfa et al 2008b). Some agents selectively targeting VEGFR or mTOR are currently being investigated for various solid tumors, and are eventually expected to also be applied for the treatment of HCC.
There would be various ways in development of new systemic therapeutic regimen after the establishment of standard therapy using sorafenib. One of them is the use of sorafenib-based combined therapy as fi rst-line therapy. Combination with cytotoxic agents would be investigated, but the hepatic toxicity may be a concern, as previous many cytotoxic chemotherapeutic regimens failed to prolong the survival in HCC patients. Since various cellular signaling pathways are implicated in hepatocarcinogenesis, combination with other molecular-targeted agents with different mechanisms of action would be promising, but the toxicity may again be a concern. Another issue of interest is secondline treatment in patients with sorafenib-refractory disease. In HCC patients with good liver function, prolonged survival would be expected even in cases showing disease progression after sorafenib treatment; eg, a survival time of 5.2 months was obtained after disease progression in the SHARP trial. In a Japanese phase I study of sorafenib, despite the median TTP being only 4.9 months, the median OS was relatively good, at 15.6 months. Various treatments might infl uence the survival after sorafenib failure. Therefore, it would be possible to develop post-sorafenib treatments, and second-line treatment is important to prolong the survival.
Although sorafenib is the fi rst agent shown to improve the survival of patients with advanced HCC and is generally well tolerated, diverse results in terms of the safety and the effi cacy have been obtained; some patients show severe toxicities, such as hand -foot skin reactions, and some patients show very short survival. Population differences in gene expressions could contribute to the differences in the susceptibility of HCC to drug treatments. Genome-wide association studies for local or distant genetic variants correlated with the differentially expressed genes led to identifi cation of signifi cant associations with one or more single-nucleotide polymorphisms (SNPs) (Stranger et al 2007; Zhang et al 2008) . In order to identify patients who will benefi t from sorafenib, attempts must be made, by pharmacogenomic studies, to identify biomarkers and/or SNPs that would predict the effi cacy, toxicity and resistance to sorafenib. Sorafenib is currently established as a drug for prolonging the survival in HCC patients with metastatic disease or TACE-refractory disease who are not suitable candidates for local treatments. The FDA approved sorafenib for use in the treatment of patients with unresectable HCC. Therefore, it can also be used in combination with local therapies, such as local ablation therapy or TACE. Although interest has also been focused on the use of the drug as adjuvant treatment after local treatments like surgical resection, ablation therapy and TACE, no adjuvant treatments after local therapies have been established to date in HCC. In Japan and Korea, a large RCT of sorafenib as post-TACE adjuvant therapy is ongoing. Rather than gross advanced tumors, tiny residual tumors after these local treatments seem to be more effectively treated by cytostatic agents like sorafenib. Furthermore, there is the possibility of preventing progression from precancerous lesions like dysplastic nodules associated with cirrhotic liver to cancer using growth factor inhibitors. In the future, investigation of sorafenib or other molecular-targeted therapies is also expected in the adjuvant or prophylactic setting.
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